A method for objectively determining supratentorial cerebrospinal fluid (CSF) production rate is described. The method employs cine phasecontrast magnetic resonance imaging with high temporal and spatial resolution at the level of the aqueduct of Sylvius. Automatic encircling of the aqueduct was accomplished by using a pulsatility-based segmentation approach. Results in 23 healthy adults (18 men, five women; age range, 21-39 years) yielded an average CSF production rate of 305 L/min Ϯ 145 (standard deviation); this rate is in good agreement with literature-reported values obtained with invasive ventriculolumbar perfusion measurements. Average operator imprecision was 23.1% if automatic segmentation was not used. The proposed method is potentially an effective means for measuring supratentorial CSF production rate in humans.
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The production of cerebrospinal fluid (CSF) is known to be associated with an intracranial homeostatic response to changes in the physiologic environment such as changes in blood pressure or heart rate (1) . Hence, clinical assessment of the CSF production rate may help in understanding its autoregulatory alterations in response to certain pathophysiologic states, such as aging-related brain atrophy or degeneration that accompanies physiologic environmental changes (2) . A typical example of clinical assessment of CSF production rate was shown in a recent study, which revealed that patients with Alzheimer dementia had a reduction in CSF production rate (3) . Differences in CSF production may also influence the design of treatment for pediatric patients with hydrocephalus (4) . Although existing literature on the human CSF production rate is relatively minimal, the importance of quantitative assessment of this rate should not be overlooked.
Measurements of CSF production rate have been performed by using ventricular catheterization (3), external ventricular drainage (4), or ventriculocisternal perfusion (5) techniques. All of the above approaches, however, are highly invasive. Velocity-sensitive magnetic resonance (MR) imaging involving phasecontrast techniques has recently evolved as an attractive alternative for quantitative assessment of the CSF production rate (6, 7) , primarily owing to the noninvasive nature of this modality. For instance, a previous investigation involving phase-contrast MR imaging revealed circadian variations in the CSF production rate in healthy adults, with the minimum production rate (12 mL/h Ϯ 7 at about 6:00 PM) being approximately 30% of the maximum rate (42 mL/h Ϯ 2 at 2:00 AM) (8) . These results, along with experimental evidence provided by follow-up studies, including one that revealed that administration of the ␤1-receptor antagonist atenolol inhibited CSF production (9) , indicate that the phasecontrast MR imaging method seems to have increasing promise in the quantification of CSF production, in spite of being limited to use in obtaining supratentorial measurements.
It is notable, however, that the data reported in the literature for human CSF production rates vary to a great extent, especially for values estimated by using invasive methods (347-370 L/min) (2, 3,10) versus values estimated by using MR imaging-based approaches (420 -700 L/min) (7-9,11-13). As a particular example, an aging-related reduction in CSF production that was demonstrated by using the ventricular catheterization method (2) was not revealed in an MR imagingbased study (11) , the results of which, on the contrary, showed that there was increased CSF production in aged subjects as compared with production in young adult subjects, suggesting that interindividual factors other than age may play a role.
Although it is possible that the discrepancies may have originated from the very different physical principles of the invasive approach and the MR imaging method, it is also possible that the technical difficulties inherent in the MR imaging method were potential sources of inaccuracies. Specifically, the derivation of the supratentorial CSF production rate in the small cerebral aqueduct of Sylvius, which involves subtraction of two relatively large CSF flow rates in the caudal and cranial directions, is believed to be prone to inaccuracy because of error accumulation. Therefore, an optimization procedure for the noninvasive MR imaging measurement of the CSF production rate is certainly highly desirable. Thus, the purpose of our study was to determine the CSF production rate in healthy young adults by using cine phase-contrast MR imaging with high temporal and spatial resolution.
Materials and Methods

Subjects and Image Acquisition
Twenty-three healthy young adults (18 men and five women 21-39 years of age) underwent MR velocity mapping examinations that were performed by using a two-dimensional through-plane phasecontrast technique and a 1.5-T MR imaging system (Vision Plus; Siemens, Erlangen, Germany). None of these volunteers had a history of neurologic disease. No specific criteria relating to sex were considered for the recruitment of subjects. The five women were not taking birth control pills and were not imaged during their menstrual periods. Hence, possible hormonal effects on CSF production rate, if present at all, were not expected to affect the results substantially. Before the imaging examinations, the heart rate and blood pressure of the subjects were measured to ensure normal cardiovascular physiologic conditions. Possible neurologic abnormalities were ruled out by performing standard T1-weighted spin-echo, T2-weighted turbo spin-echo, and T2-weighted fluid-attenuated inversion-recovery image acquisitions before the phasecontrast acquisition; these images were interpreted by at least one experienced radiologist (S.C.C. or C.Y.C., both of whom had Ͼ10 years of experience in neurologic MR imaging).
The entire study, including the MR imaging sequence used, was approved by the institutional review board of Tri-Service General Hospital and National Defense Medical Center. Written informed consent was also obtained from all subjects. Note that because individual variations in CSF production rate are relatively large (as will become clear in a later section of this report), we did not attempt to perform a power analysis for experiment design based on the sample size requirement after obtaining some preliminary data. Instead, we aimed to focus on the technical developments involved in achieving an objective and precise measurement method.
The 23 subjects were imaged at night, between 10:00 PM and midnight. The time period for MR imaging examinations was prearranged because the CSF production rate in humans was once reported to exhibit circadian variations (8) . For the purpose of velocity mapping, a 6-mm section perpendicular to the distal third of the aqueduct of Sylvius was selected by referencing a midsagittal image, as shown in Figure 1 . A two-dimensional cine phase-contrast gradient-echo sequence (45/12, 20°flip angle) was used to obtain phase images with bipolar velocity encoding gradients set at a maximum encoding velocity of 20 cm/sec. Sixtyfour cardiac phases were acquired and rearranged with retrospective electrocardiographic gating (14) to form 30 images that represented sequential phases in a cardiac cycle.
A matrix size of 256 ϫ 256 was used with a 10-cm field of view to yield 0.39-mm in-plane spatial resolution. Thus, the cross section of the aqueduct (2-3 mm in diameter) covered about 16 -32 pixels, which was suitable for the analysis method used in this study. A 512 ϫ 512 matrix was not chosen owing to our wish to make a compromise between imaging time and signal-to-noise ratio. Aliasing was present but did not affect the subsequent analysis, which was confined to the aqueduct region. The total acquisition time with one signal acquired was about 10 minutes, which was well within the tolerance limits for all of our subjects.
Automatic Aqueduct Segmentation and Image Analysis
Derivation of CSF production rate was performed with a personal computer (M2NE; ASUS, Taipei, Taiwan) after the phase images were digitally transferred from the console of the MR imaging unit. To minimize the influence of gross brain motion and eddy currents on phase values, the velocity values were first corrected with respect to nearby static tissue (7) . A rectangular region of interest of about 1 ϫ 1 cm 2 on the velocity map was then selected (by T.Y.H., who had 6 years of experience in brain MR imaging) to encompass the aqueduct, after which all the analysis steps were executed automatically. Automatic segmentation of the aqueduct was performed by using a method modified from a pulsatilitybased segmentation approach (15) . The segmentation approach was based on the assumption that the variations in temporal velocity of the aqueductal pixels within a cardiac cycle should strongly correlate with each other. Owing to the nature of the laminar spatial pattern in the absence of turbulent flow, the above assumption was anticipated to be valid.
Note that the absence of turbulent flow in the aqueduct of Sylvius can be shown by calculating the dimensionless Reynolds number (R) with the equation R ϭ (2av)/, where is the material density of the CSF, is the viscosity of the CSF, a is the radius of the aqueduct, and v is the average flow velocity. Because CSF is a fluid that has density ( ϭ 1.0 g/cm 3 ) and viscosity ( ϭ 0.01 poise) similar to those of plasma (16) , the maximum Reynolds number of the CSF flow, at a peak velocity of 10 cm/sec or lower and in an aqueduct smaller than 3 mm in radius (note that the parameters used are all worstcase estimations), was around 600. Thus, the estimated maximum Reynolds number was much smaller than the threshold of 2000 for unstable hydrodynamics (17) and strongly suggested an absence of turbulent flow.
With this principle, the temporal velocity profile of the pixel showing the maximum CSF flow velocity was first derived; then, the Pearson correlation coefficients given the above reference velocity profile were calculated for the temporal velocity profiles of all the other pixels. In this manner, a correlation coefficient map, which exhibited better immunity to noise fluctuations than did the original phase-contrast velocity map, was created. The area of the aqueduct was subsequently defined from the correlation coefficient map by using a regiongrowing algorithm (18) .
The spatially averaged velocity as a function of cardiac phase was computed by summing all velocity values over the area of the aqueduct and then dividing the summed value by the area for all 30 phase images. The temporal profile of this spatially averaged velocity value was used to investigate the undersampling error, as will be described later. The CSF production rate was calculated as the net CSF volume flowing through the aqueduct in the craniocaudal direction in one cardiac cycle, multiplied by the heart rate. This was achieved by means of numeric integration of the CSF flow velocity throughout the entire cardiac cycle, as well as across the aqueduct area. It will be noticed that because all of the measurements were performed in the aqueduct, the CSF production rate reported in this study reflects supratentorial CSF secretion from the lateral and third ventricles only.
Operator-dependent Imprecision and Undersampling Error
To further emphasize the importance of objective segmentation of the small aqueduct, we compared the CSF rate calculated with the method described above with that computed by using a manual definition of the aqueduct on velocity maps. For the latter definition, CSF production rates of the 23 subjects were estimated by using the procedure stated above, with the exception that the aqueduct region was outlined independently by each of three operators (T.Y.H., M.Y.C., and Y.J.L., all of whom had Ն5 years of experience in brain MR imaging). The interoperator agreement was then assessed.
In addition to operator-dependent imprecision, the possible influence of the temporal resolution used at image acquisition on measurement accuracy was also investigated. This latter investigation was performed by using Fourier transformation of the temporal CSF velocity profile, which yielded the power spectrum of CSF velocity at different frequency components (7) (up to the 15th harmonic in this study). A possible error caused by sampling the CSF velocity waveform with insufficient temporal resolution was estimated by examining the magnitude of the high-frequency components relative to the zero frequency component, a process that results in a value that is simply the net CSF flow velocity.
Data and Statistical Analysis
The interoperator agreement for CSF production rate measurements obtained by using manual aqueduct segmentation was assessed by reporting the range of estimation values in units of percentage of the mean of three measurements (ie, the best estimate when the true value is unknown). The average imprecision was defined as the absolute percentage difference between the individual measurements and the mean value, averaged for all 23 subjects. In addition, Kendall coefficients of concordance were calculated for the three operators to assess the agreement in continuous scoring (19) . The Kendall coefficients of concordance ranged from 0.00 to 1.00, with 1.00 representing excellent agreement among the raters. On the other hand, the mean and standard deviation of the CSF production rates obtained between 10:00 PM and midnight in the 23 healthy young adults were also reported according to data derived by using the automatic segmentation algorithm. Figure 2 shows the spatial CSF flow profile in a 20 ϫ 23-pixel region excerpted from the phase-contrast velocity map in one 25-year-old male subject. The flow patterns for the healthy young adults in this study were largely laminar, thus making it possible to perform automatic outlining of the aqueduct of Sylvius by using the pulsatility-based segmentation algorithm with little difficulty (Fig 3) . On the other hand, analysis of the results of calculating the CSF production rate with manual outlining of the aqueduct area revealed that the individual measurements deviated from the mean values by Ϫ59.1% to ϩ66.6%.
Results
The average imprecision for all 23 subjects was 23.1%, suggesting that an average uncertainty of Ϯ23.1% is to be expected in CSF production rate estimation if one is performing manual definition of the small aqueduct on images obtained by using the spatial resolution chosen in our study. The Kendall coefficient of concordance was 0.128 (close to zero), which represents the fact that there was very loose agreement among the three raters. In contrast, with objective automatic segmentation of the aqueduct of Sylvius, operator dependency was obviously absent. Figure 4a , in which positive velocity represents CSF flow in the craniocaudal direction, shows the temporal profile of the spatially averaged CSF flow velocity in one subject; Figure 4b shows the corresponding Fourier coefficients of all of the different frequency components in the form of a power spectrum. The characteristic biphasic (ie, to-and-fro) waveform of the temporal profile (20,21) is clearly discernible in Figure 4a . The biphasic waveform is also appreciable in the power spectrum of Figure 4b , which shows that the fundamental frequency component (ie, the first harmonic, which corresponds to a heart rate of 60 beats per minute in this case) has a relatively large magnitude compared with the magnitude of the zero-frequency component (ie, the net CSF flow velocity). In fact, for all of the subjects recruited in this study, the sum of the first three harmonics in the power spectra-once described as constituting the essential waveform of the CSF flow profile (7)-was larger than the zero-frequency component (net CSF flow) by a factor of about seven to 11.
In addition, one will notice that, as compared with the zero-frequency component, not all of the higher frequency components in the power spectrum shown in Figure 4b occupied negligible energy. For instance, the seemingly small Fourier coefficient of the 15th harmonic (approximately 0.16) was about onethird of that of the zero-frequency component (approximately 0.49). If the CSF production rate were to be estimated by using phase-contrast MR imaging at a temporal resolution of about eight times the heart rate, the spectral overlapping from undersampling aliasing effects (22) would lead to an error as large as 33% owing to the 15th harmonic alone. The mean CSF production rate measured in the 23 subjects by using the automatic analysis algorithm was 305 L/ min Ϯ 145 within the time period from 10:00 PM to midnight. The estimated values were in good agreement with the reported CSF production rates of 347-370 L/min obtained by using ventriculolumbar perfusion measurements (10) but were lower than those (420 -700 L/ min) obtained by using early MR imaging methods (7-9,11-13).
Discussion
Despite the potential importance of CSF production rate measurements in the understanding of the response of the intracranial autoregulatory process to environmental changes caused by aging or dementia (1-3), the invasive nature of the procedures conventionally used to calculate such measurements has obviously precluded their wide application in clinical practice. The inherent inaccuracy involved in the extrapolative nature of the ventricular catheterization method, for example, may lead to further uncertainty in the interpretation of the reported values (3) . From this aspect, quantitative velocity mapping in the aqueduct of Sylvius performed by using noninva- Note that this map is less noisy than the original phase image in A and therefore facilitates objective outlining of the aqueduct. C, Series of images show action of region-growing (left to right) algorithm applied to correlation coefficient map in B for automatic segmentation of aqueduct of Sylvius. The aqueduct area defined with this method is subsequently applied to all phase images for hydrodynamic analysis to obtain the CSF production rate.
sive cine phase-contrast MR imaging provides a promising hope (6 -9,11-13) that the estimation of CSF production rate can be performed repetitively, without even the need to use ionizing radiation.
It should be understood, however, that measurement of CSF production rate from the aqueduct of Sylvius has some intrinsic difficulties. The CSF in the cerebral aqueduct is characterized by a very small net degree of movement superimposed on a large-amplitude biphasic flow driven by the arterial pulse (20, 21) . Consequently, most estimation errors, in our opinion, are likely to originate from the accumulation of imprecision (ie, propagation of error) when one is deriving a small quantity from the subtraction of two large numbers. To resolve the discrepancy between MR imaging-derived CSF production rates and literature values obtained by using invasive approaches, it is therefore ultimately important to analyze the imprecision of the technique itself before attempting to attribute the discrepancies as arising from, for example, physiologic variations.
In the present study, variations in measured CSF production rate caused solely by manual definition of the aqueduct area were as large as 23.1% on average and ranged from Ϫ59.1% to ϩ66.6%. Results of previous investigations (7, 14) had indicated that the calculation of flow rate (or "stroke volume") is less prone to errors resulting from manual selection of regions of interest than is the calculation of average flow velocity, owing to the mutual cancellation of errors in area estimation and errors in average velocity estimation that occurs when one is attempting to derive flow rate. The results of our study, however, suggest that this is not the case for measurements of the "net" CSF production rate in the aqueduct of Sylvius.
Because the net CSF flow through the plane used at MR imaging of the aqueduct of Sylvius is inherently very small, we anticipated that an inclusion of nonmoving background tissue elements in the imaging plane may result in the introduction of relatively large errors through a magnification-of-noise effect. This presence of substantial imprecision in the subjective measurement of CSF production rate has at least two important indications. First, the spatial resolution must be sufficiently high to allow a clear delineation of the cerebral aqueduct, which is only about 2-3 mm in diameter. Second, dedicated automatic software for reliable and objective aqueduct definition that is immune to image noise is a necessary prerequisite.
If either of the above criteria were not met, measurement inaccuracy could have led to misleading results. It is noted that two of the operators in our study (M.Y.C. and Y.J.L., each of whom had Ն5 years of experience in brain MR imaging) were not informed beforehand of our purpose of interoperator dependency assessment, except for being asked to "try their best" in making reliable measurements. Therefore-additionally given the fact that a high in-plane resolution of 0.39 mm was used in our study-we regard the large operator variation reported in our study as close to the best-case scenario. On the other hand, because the image analysis algorithm employed in this study was based on pixel-by-pixel examination of the intrinsic similarity of flow patterns, it is therefore operator independent and yields high precision in a reliable manner.
The temporal resolution chosen for MR image acquisition is another important issue influencing accuracy in the measurement of CSF production rate. To understand how temporal resolution influences the accuracy of this measurement, one must realize first that the CSF production rate is determined by the net CSF flow velocity-that is, the zero-frequency component in the temporal velocity profile. The Nyquist sampling theorem states that discrete sampling of a periodic continuous waveform at a frequency of f s essentially results in a repet- Figure 4 . Graphs show temporal pattern of CSF velocity, as well as its frequency spectrum, in 27-year-old healthy male subject. (a) Spatially averaged CSF flow velocity at different cardiac phases. E ϭ experimental data, solid line ϭ data after fitting with the first three harmonic components, R-wave ϭ R wave of cardiac cycle. Positive velocity values represent CSF flow in craniocaudal direction. Note that CSF flow is largely biphasic (ie, to and fro), with an average velocity close to zero, suggesting that the derivation of CSF production rate can be prone to inaccuracies because of error accumulation. (b) Fourier coefficients of each harmonic shown as a power spectrum indicate that the zero-frequency component (ie, the net CSF flow) is relatively small compared with the first three harmonics. Also note that owing to the small magnitude of the zero-frequency component, the higher frequency components are not negligible in terms of CSF production rate measurements. NЈs frequency component ϭ frequency component number.
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Cerebrospinal Fluid Production Rate ⅐ 607 itive overlay of the spectra spaced f s apart in the frequency domain (22) . In other words, the use of 30 frames within one cardiac cycle in our study allowed the zero-frequency component to be overlapped only by the 30th harmonic of the temporal CSF velocity profile. Figure 4 shows that the magnitudes of the highfrequency components up to the 15th harmonic are at least comparable to the magnitude of the zero-frequency component. Consequently, errors due to undersampling aliasing could result if one uses a temporal resolution lower than about 8 frames within a cardiac cycle. These errors can be prominent, considering once again that the CSF production rate is inherently measured within a very small scale.
The CSF production rates measured in healthy young adults in our study were slightly less than, but in good agreement with, the reported value of 347-370 L/ min for ventriculolumbar perfusion measurements (10) . This slight discrepancy is within reasonable expectations in that our measurement of the net CSF outflow through the aqueduct of Sylvius only registered CSF secretion in the lateral and third ventricles, while the CSF produced by the choroid plexus in the fourth ventricle may not have been taken into account.
Previous investigators who have evaluated phase-contrast MR techniques have reported values much larger than ours (8, 9, (11) (12) (13) . We believe that these previous investigations may have been prone to resolution imprecision and operatorrelated inaccuracy, whereas we achieved high temporal and spatial resolution and used sophisticated image analysis software. Because the percentage of imprecision was not detailed in those reports (8, 9, (11) (12) (13) , it is not clear whether those investigators' reported values are significantly larger than our estimations in a statistically meaningful sense. In our study, operator-related imprecision alone ranged from Ϫ59.1% to ϩ66.6%, even at MR imaging performed with 30 cardiac phases and 0.39-mm in-plane resolution. Hence, we anticipate that the actual imprecision in investigations involving the use of, for example, six cardiac phases should be even worse. Further studies performed by other independent investigators are needed to resolve the disagreement among MR imaging-based measurements of the CSF production rate.
There were at least two major limitations in our investigation that should be mentioned. First, the CSF production rate measurements were confined to the supratentorial region; hence, the CSF secretion from, for example, the choroid plexus in the fourth ventricle was excluded. Because the relative role of the fourth ventricle, as compared with the role of the lateral and third ventricles, in CSF secretion is largely unknown, our neglect of this portion might have had some influence on the interpretation of the results. We chose to examine supratentorial CSF production simply because the aqueduct of Sylvius, which shows largely biphasic laminar flow, should have served as a convenient target for reliable imaging measurements. Second, the large intersubject variations in CSF production rate among our subjects illustrate the difficulty in the potential usage of CSF production rate as a clinical diagnostic index. This difficulty is understandable, because any disease-related changes in CSF production rate must be large enough to exceed the normal intersubject variations to be statistically meaningful. To resolve this issue, further studies involving patients with CSF-related diseases are certainly needed.
In conclusion, for quantitative studies of the physiologic and pathologic mechanisms of human CSF secretion, it is important to establish a reliable procedure for measuring the CSF production rate. Our results show that two-dimensional cine phase-contrast MR imaging can be used for estimating the CSF production rate-if objective analysis can be performed with images obtained with sufficiently high temporal and spatial resolution. By using our approach, we obtained CSF production rates that are in good agreement with literature values that were obtained by using invasive ventriculolumbar perfusion measurements. Phase-contrast MR imaging is an effective technique that can potentially help resolve unanswered questions relating to human CSF secretion as well as to the relationship between human CSF secretion and intracranial pathophysiologic features.
